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Abstract. Four scenarios of present day Antarctic icc sheet mass change arc developed from
comprchensive reviews of the available glaciological and occanographic evidence. The gridded
scenarios predict widely varying contributions to secular sca level change & ranging from -1.1
10 0.45 mm/yr, and predict polar motion m and time-varying low-dcgrec gravitational
cocflicients J; that differ significantly from earlier estimates. A reasonably linear relationship
between the rate of sca level change from Antarctica € 4 and the predicied Antarctic J; is
found for the four scenarios. This linearity permits a series of forward models to be construct-
cd that incorporate the effects of ice mass changes in Antarctica, Greenland, and distributed
smaller glaciers, as well as postglacial rebound (assuming the ICE-3G deglaciation history),
with the goal of obtaining optimum reconciliation between observed constraints on J; and sca
level rise &. Numerous viable combinations of lower mantle viscosity and hydrologic sources
arc found that satisfy ¢ ‘ctbscrved” & in the range of 1to 2-2.5 mm/yr and observed J; for de-
grees 2, 3,and 4. In contrast, rates of global sca level rise above 2.5 mm/yr arc inconsistent
withavailable J; observations. The successful composite models feature a pair of lower man-
tle viscosity solutions, arising from the sensitivity of J; to glacia rcbound. The paired values
arc well separated a € = Imm/yr, but move closcr together as € is increased, and, in fact,
merge around & = 2 - 2.5 mm/yr, revealing an intimate relation between & and preferred lower
mantle viscosity. This general pattern is quite robust and persists for different J, solutions, for
variations in source assumptions, and for different styles of lower mantle viscosity
stratification. Tighter J; constraints for /> 2 may allow some viscosity stratification schemes
and source assumptions to be excluded in the future. For a given total observed &, the sca lev-
cl rise from Antarctica £, is tightly constrained and ranges from O to +1mm/yr (correspond-
ing to an ablating icc sheet) as estimates of £ arc raised from 1 to 2.5 mm/yr. However, when
the degree 3 zonal harmonic constraint is removed, the solutions show litde sensitivity to An-
tarctic mass balance, emphasizing the need for a well determined odd-degree secular zonal har-
monic for determining polar icc mass balance.

Introduction

Il has long been known that ocean-contincot hydrological
exchanges could produce predictable changes in global geodetic
observables such as the length of day, thelong wavelength
gravitational field.11, and the location of the pole of rotation m
[e.g., Munk and Revelle, 19S2; Lambeck and Cazenave, 1976;
Lambeck,1980). Spurred by the current interest in global
change studics and by advances in satellite geodesy, recent
work has been undertaken to determine the effects of hydrologi-
cal exchanges 0 n  global geodetic observables [Wagner and
McAdoo, 1986; Sabadini et al., 1988; Chao and O’Connor,
1988a, b; Mitrovica and Peltier, 1989, 1993; Trupin et al.,
1992; Ivins et al., 1993; Trupin,1993; James and Ivins, 199 §.
Several of these studics have considered the effect of present
day mass changes of the Antarctic and Greenland ice sheets and
mountain glaciers and small ice caps. The delayed viscoclastic
response of thc Earth to late Pleistocene and early }loloccoc
deglaciations also produces a significant signature [Yoder et al.,
1983; Pelticr, 1983; 1985; Rubincam, 1984; Yuen and Sabadini,
1985; Yuen € al., 1986], and this is supcrimposed on the
present day climate change related signature.
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The volumc of icc grounded onto the Antarctic continent is
immense, accounting for about 2.1% of thc total supracrustal
water SUPPlY. Nonglacial water outside of the world's ocean
basins, by contrast, amounts to a mere 0.3°/0. Furthermore,
small mountain glaciers (plus icc caps) and icc grounded in
Greenland totalto only 0.006% and 0.21 %, respectively [Meier,
1990]. Estimates of the present day balance state of tbc great
Antarctic icc sheet remain contentious, and a small fractiona
imbalance can translate into a large, perhaps even dominant,
influence on the sca level rise budget. What is proposed in this
paper is to assume, a priori, that the mass balance state for
Antarctica is unknown. An Antarctic mass balance constraint
might then be devised by parameterizing aternative sources for
sealevel and secular, time-dependent gravity and polar motion.
This undertaking, is initiated by evaluating a number of
scenarios of present day Antarctic mass balance based on accu-
mulation data and drainage basin analyses [Giovinetto and
Beniley,1 985; Bentley  and Giovinetto, 1991; Bentley, 1 995]
and occanographic constraints [Jacobs el al., 1992], The
scenarios differ mainly in how mass balance is extrapolated to
unmeasured regions, A sum of the mass balance of each
drainage system yields a prediction of the net hydrological bal-
ance of the entire grounded Antarctic ice sheet M and hence
Antarctica's contribution to present day scalevelrise &y .

Wec then proceed to search for combinations of present day
sca levelsourcing and mantle viscosity input to postglacial
rebound that satisfy observed constraints on satellite derived J,
and total (global) sca level rise €. The Antarctic contribution to
sca level rise &4 is treated as a free parameter, and we utilize
lincar relationships between &4 and low-degree secular zonal
harmonics .J; derived from tbc scenarios developed here. This
procedure aso requires treating tbc unknown Greenland contri-
bulion,im in a similar manner, and assumecs that total sca level
rise is bracketed by the range 1 to 2.5 mm/yr [Douglas, 1995].
Although no atlempt is made to solve a formal leas! squares
inversion, a parameter search indicates tbc sensitivity of &, to
J;. 1t appears that optimized sourcing for tbc satellite solutions
for secular J;({ = 2- 4) imply an Antarctic icc sheet in a state
of negative mass balance. in large measure, the predicted polar
motion m plays a secondary role since polar motion is less sen-
sitive to Antarctic mass imbalance than to other, relatively non-
zonal mass redistributions such as mountain glacier melting or
Greenland imbalance [ Wahr et al., 1993].1Lower mantle
viscosity is also freed as a parameter in thc prediction of thc
glacial rebound J; vaues, and wc find that a broad range of
viscosity values can satisfy the data.

However, there arc some important caveats in reaching this
conclusion. Firgt, tbe influence of postglacia rebound on J; is
sensitive to glacial load history, Thelate Pleistocene and early
Holocene load history mustbe spatially and temporally well
approximated by tbc ICE-3G model [7ushingham and Peltier,
1991 ]. This sengitivity is related to the prediction of a rela-
tively large positive J3, which would not occur if Antarctic
deglaciationwere to occur earlier and more “in phase” with
tbc northern hemisphere deglaciation [e.g., /vins ¢/ al., 1993],
Sccond, each of three portions of the sca level rise budget
(small mountain glaciers and icc caps, anthropogenic sources,
and steric expansion) should be known to witbin a factor of
about 2 and generally consistent with tbc reports by Meier
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[ 1990], Warrick and Oerlemans [1990], Douglas [1 995], Chao
[ 1995], andde Wolde etal. [199 S]. I'bird, the Antarctic sca
level/L/l parameterizations must not change significantly from
those found for our four scenarios.

Most critical to the analysis of the Antarctic balance state is
the existence of a robust .1 solution from satellite laser ranging
data, That a stable solution for J3 has yet been obtained is
somewhat debatable [£anes and Bettadpur, 1996; Nerem and
Kiosko, 1996; Cazenave et al., 1996]. It has been discovered
recently that there is a sttong correlation between a known
nongravitational force (Earth albedo) and the residuals of the
I AGHOS1 eccentricity orbital element [Martin and Rubincam,
1996]. Residuals in those particular elements tend to dominate
multi satellite solutions for the odd-degrec gravity harmonics
[£ancs and Bettadpur, 1996], and it would not be too surpris-
ing to scc a series of future revisions of secular J;. Therefore
our analysis may have a more modest conclusion: an isolation
of astrong sengitivity of satellite-dctcrmined Jsto the present
day Antarctic mass balance state.

A state of negative Antarctic mass balance is generally at
odds with what glaciologists have concluded from analyses of
the major icc drainage systems [Bentley and Giovinetto, 1991]
unless icc shelf basal melting and calving rates have been sub-
stantially underestimated as suggested recently by Jacobs et al.
[ 1992], Ultimately, the confirmation of the globally based solu-
tions for &4 that rely on J; and m must bc found through a
more detailed analysis of the mass balance of these drainage
basins.

This paper expands on some of the results presented by
James and Ivins [ 1995] and is part of a broader study consider-
ing al the geodetic responses due to Antarctic ice mass change.
Only recently has there been interest in the local geodetic sig-
natures of vertical and horizontal crustal motion and changes in
the solid surface gravity that rapidly evolving icc masses might
produce [Comrad and Hager, 1995; Jetties and Ivins,1995;
Wahr et d., 1995). James and Ivins [1995] found that onc of
their scenarios predicted a maximum peak vertical crustat
motion rate of = 10 mm/yr, large enough to bc detectable using
a series of Global Positioning System (GPS) data collected in
continuous observing mode. However, glacial rebound might
drive stronger vertical crustal motions in West Antarctica if
current models (1CE-3G or 1CE-4G) of a large-volume, mainly
Holocene reduction of the Antarctic icc mass arc correct. A
more detailed description of the crustal motion calculations arc
to be presented in a later paper.

The first part of this paper describes in some detail thc back-
ground and development of four scenarios of present day
Antarctic mass change Following that is a discussion of the
resulting global geodetic predictions and a comparison with
observations and other possible sources. We conclude by
describing global composite scenarios that simultancously
satisfy observed constraints on .J; and sca level change &. First,
wc conument further on present day sca level change.

I'resent Day Scal.cvel Change and Antarctic Ice
Sheet Mass Balance

I"here is a wide consensus that over the past fcw decades,
sca level has been rising, with recent analyses finding a sea
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level rise between | and 2.5 mm/yr [Barnett, 1983; Peltier and
Tushingham, 1 989; Trupin and Wahr,1 990; Douglas, 1991,
Mcier, 1993]. However, these values contrast sharply with esti-
mates of total sca level rise that are obtained when the input
fromknown sources is considered. For example, Meier [ 1993]
cstimated that 0.4 4 0.2 mm/yrof scalevel rise. comes from
mountain glaciers and small ice caps, -0.2 4 0.4 mm/yr from
Greenland, -0,45 4 0.55 mm/yr from Antarctica, 0.4 4 0.2
mmn/yr from ocean thermal expansion, and 0.23 # 0.24 mm/yr
from land hydrology. These inputs sum to 0.4 4 0.8 mm/y
(root-sum-square error), significantly below the amount of sca
level rise obtained from most analyses of tide gauge records. It
is clear that our understanding of the various factors contribut-
ing to sca level change is incomplete.

Estimates of the net mass balance of Antarctica vary widc]y
duc 10 uncertainties in determining both accumulation and
discharge rates. The mass accumulation rate in Antarctica is
around 2 x 10" kg/yr (2000 Gt/yr); a 10°/0 net imbalance is
sufficient to cause sca level to change by about 0.6 mm/yr
(adding 360 Gt of water to the oceans causes sea level to rise
by about 1 mm). The Intergovernmental |'ant] on Climate
Change (1['( (") estimates of the contribution to sea level change
in the past 100 years from Antarctica range from -0. S to 0,5
mm/yr [ Warrick and Oerlemans, 1990], indicating that a mass
imbalance of cither sign and equivalent to 10% of the accu-
mulationrate is plausible. A recent update to the 1PCC report
|Warrick et 01,, 1996] gives an even broader range of 1.4
mm/yr.In the following section wc discuss scenarios extracted
from two detailed studies of Antarctic mass balance, A study
by Bentley and  Giovinetto [ 1 99 1 ]found the Antarctic contiibu-
tion to sca level rise to bc negative (- 0.1 2 &4 - 1.1 mm/yr),
and another by Jacobs et al. [ 1992] found that the Antarctic
contribution to sca level rise &, could be as large as + 1.3
mm/yi

Drainage Basin Analysis

To obtain a regional net mass balance, it is necessary to
evaluate both mass input and output of the ice sheet, The maw
input of a region, assuming that there is no inflow from sur-
rounding arcas, comes from surface accumulation, Net surface
accumulation is duc to a numbcr of processes, to which precipi-
tation and drifting contribute positively, and sublimation and
deflation (wind erosion) contribute negatively. Beniley and
Giovinetto [1 991] (hereinafier rcferred to as BG91) utilized the
netsur face mass balance estimates of Giovinetto and Bentley
[1985], a compilation and synthesis of surface mass balance
mcasurements reported in the literature, which BG91 updated to
incorporate ncw data.

Figure 1 illustrates the six major Antarctic drainage systems,
as describcd by Giovinetto and Bentley [ 1985]) and utilized by
BGY1in their analysis of present day Antarctic icc mass bal-
ance. The boundaries of the drainage systems were choscn by
determining the regions which feed the three major icc shelves
(Amcry Ice Shelf, system Bo(C; Ross Ice Shelf, system Fok;
and Filch ner-Ronne lcc Shelf, system JoK). These three sys-
tems drsrin much of the interior of Antarctica, The remaining
three systems (Ka’B, Ccki, and Fj’J) tend to drain coastal
regions. T'he drainage systems were then subdivided to obtain
physiographically simpler regions [Giovinetto and Bentley,
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1985). The boundaries of the subsystems were chosen to fol-
low flow lines, continental divides, or divides separating
regions of convergent or divergent flow, thus ensuring that
there islittlc or no mass flow across boundaries.

Ice flow in Antarctica terminates in tbc ocean, As ice flows
from the interior, its thickness diminishes, reaching a point
where it floats, if the bed is far enough below sca level. The
boundary between icc which is supported by the solid surface
and floating icc is known as tbc grounding line (Figure 2). For
determining tbc contribution to sca level change, it is the net
mass balance of the grounded portions of thc icc sheet that is
important since floating portions arc part of the ocean systern.
Ideally, then, observations of the rate of outflow of the icc
sheet at the grounding line, combined with observations of thc
surface mass baance of the interior portions, would suffice to
determine the net mass imbalance of a drainage system. Unfor-
tunately, in dynamically active regions such as ice streams, icc
floo can bc quite complex and temporally varying
[Bindschadler et al., 1993].

in practice, observations may only be available inland of the
grounding line or close to thc icc shelf front. If observations
arcmade on the icc shelf (and observations at the grounding
line arc kicking,), then it is also necessary to consider the rate at
which the shelf is gaining or losing mass owing to basa melt-
ing or ficezing. Advances in space-based and airborne precise
mapping methods will offer a powerful ncw database in the
future. } Towever, these techniques have been in use for an
insufficient amount of time 10 yield unambiguous cstimates of
mass change over most of the great icc sheets [Fahnestock et
al, 1993; Krabill etal., 1 995].

11(i91 began by considering mass imbalance measurcments
for inland regions (Table1 and Figure 3). ‘1'able 1 shows both
their regional mass imbalance estimates and their subjective
estimate of its significance, essentially defined by measurcment
accuracy and completencss in coverage. Also shown in ‘fable |
arc the areas and equivalent icc height change rates inferrcd for
the present study. These arc to be desceribed in more detail in
the following section. I'able 1 shows that only three inland
systems, l.ambert Glacier, East Antarctica onto Ross Ice Shelf,
and Pine island Glacier, arc considered to have a significant
imbalance. Of these, tbc | .ambert Glacier bas two conflicting:
estimates of accumulation [Allison, 1979; Allison € al.,1985;
Mcintyre, 19854, b, lcading to two differing estimates of the
net imbalance, onc of which BG91 considered to be significant.
A recent reanalysis of the mass balance of the Pine island Gla-
cict system [Lucchita et al.,1995] shows it may be less posi-
tive than stated by BG91, although uncertainties still exist.

BGY1 next considered icc shelf systems for which there are
measurements. ‘1 ‘hey evaluated inflow and outflow of the East
and WestRoss Icc Shelf and the Amery Icc Shelf and deter-
mined the amount Of icc shelf basal melting (freezing) required
for steady state balance. They did not find evidence to suggest
that these regions arc significantly out of balance.

Finally, BG9 tconsidered combined inland and ice shelf sys-
tems (L'able 2 and Figure 4). These systems lack outflow
measurcments @ the grounding line and hence require an esti-
mate of the icc shelf basal melting rate required for steady
state. Table 2 shows the net mass imbaance, tbc basal melt
rate which would be required for steady state, and their
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asscssment of whether this rate is reasonable. The Amery icc
Shelf and Eastern Ronne Icc Shelf reguire unrcasonably large
basal melting rates and the Brunt-1 Riiser-1.arsen lce Shelves
require smaller melt rates than those observed. It is suggested,
therefore, that these systems have a net mass imbalance.

Scenario Development

BGY 1 extiapolated the observed net mass imbalances to
unmeasured regions in a number of ways, producing balance
scenarios for the entire Antarctic ice sheet with the predicted
contribution to sca level rise £, ranging from -0.1to-].1
mm/yr, One of the striking, aspects of mass balance studies in
Antarctica ar¢ the large regions (approximately 30% by area)
for which there arc insufficient observations (Figure 5). The
unmeasured regions tend to be coastal regions where mass
accumulation rates arc high.

In this study wc have gridded Antarctica with280 disks of
area S0,000 km?, and for each scenario wc have assigned a net
mass balance to each disk (in millimeters pcr year of ice
equivalent). This gridis sufliciently fine that ail the regions
listed in Tables 1 and 2 can be represented. The final tw o
columns of Table 1 show the arcas obtained from gridding the
mcasured regions and , the calculated equivalent icc height
change W, where 1= M/(Arca x pi.) with the density of ice
Pt 917.4 kg/m'.

In BGY 1’s minimum scenario they assumed that the ice
sheet is in balance except for measured regions which are
significantly out of balance (scenario 1, Figure 6a). The Mcln-
tyre interpretation for the .ambert Glacier is assumed (1'able
1), and it is assumed that the imbalance of the Amery Icc Shelf
isduc entirely to processes on the ice shelf ('1'able 2). Further-
more, it is assumed that the entire Filchner-Ronne system is in
balance,  This leaves the following three regions with a
significant imbalance: a growing Pine island glacier (M = ()
Gt/yr,n= 218 mm/yr), a gt owing East Antarctica onto tbc
Ross lce Shelf (M = 26 Gtlyr, 1) = 16 mm/yr), and a reducing
region located inland of the Brunt and Riiser-I .arsenlce
Shelves (M = -37 [iuyrr, 1| = -201 mw/yr). This scenario
gives a iow prediction for Antarctica's possible negative contri-
but ion to sea, levelrise (€4 . -0.1 mm/yr) and positive net mass
imbalance (A4 = 39 Gt/yr).

tI~91 next extiapolated from measured inland drainage sys-
tems to unmeasured regions in two different ways, finding net
mass imbalances A of 400 and 290 Git/yr, corresponding to sea
level fall of 1. 1 and 0.8 mm/yr, respeetively. First, they extra-
polated to unmeasured regions by assuming that mass imbal-
ancc is proportionalto mass input (scenario 2 by mass, Figure
Gb). ‘1’able 1 shows the total net mass imbalance of the meas-
uredinland systems to be + 118. S Gt/yr. BG91 found that the
mass input to Antarctica is 1660 Gt/yr, and that to the mecas-
ured systems is 500 Gt/yr. If tbc net mass imbalance of the
unmeasured regions s proportional to mass input, then this
implics anetmass imbalance of unmcasured regions of 118.5
Gt/yr x (1660 - 500)/500 = 4 280 Gt/yr. In gridding scenario
2 by mass, wc concentrated the extrapolated imbalance in coa
stal disks, where accumulation rates arc highest, For 48 coastal
disks, with total area of 2.4 x 10°km?, we determined the
equivalent icc height change 1) to be 128 mm/yr, giving a total
net mass balance A7 of 400 (~ 280 + 118.5) Gt/yr. Scenario 2
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by mass provides a scalevel fal of 1.1 mm/yr (M= + 400
Gt/yr), the largest of al the scenarios,

IKi91 also extrapolated from measured grounded regions to
unmeasured regions by area (scenario 2 by area, Figure 6¢).
Table 1 shows that our total gridded area of the measured
inland regions is 5.3 x 10®km?, which closely approximates
BGI1’s determination of S. 1 x 10°km? BGY1determined the
total grounded arca to be 12.1 x 10°km?. This leads to a net
mass imbalance of unmeasured regions of + 118.5Gt/yr x
(12.1 - S,1)/5.1 =+4163 Gt/yr. For15] disks in unmeasured
aeas wc determined an cquivalent ice height change
n= 24.8 = 25 mm/yr. This corresponds to a net mass imbal-
ancc in unmeasured regions of + 172 Gt/yr, chosen to obtain a
total net mass balance of 4290 (= 172 + 11 8.5) Git/yr, which is
in agrcement with the total balance given by BG91. This
scenario gives a sca level fall of 0.8 mm/yr (M= + 29(1
Gt/yr). Note that because scenarios 2 by mass and by area arc
cxtrapolations from inland regions, they lack the mass imbal-
ancc near the Bruntand Riiser-Larsen Ice Shelves (1) = - 201
mm/yr) that is present in scenario 1.

1{(;91 presented two additional scenarios, where they extra-
polated from al measured areas, not just grounded ice. These
scenarios give intermediate values of sca level fall (0.3 and 0.4
mm/yr), and have not been explicitly considered in this study.

A Reappraisal of oceanographic Constraints

The three preceding scenarios predict sca level fall duc to
Antarctica’s net hydrological imbalance at levels ranging from
0.110 1.1mm/yr. If correct, this imbalance contributes to an
even larger shortfall between the observed sec ular sca level rise
and the sum of the individual source estimates. Onc possible
resolut ion of this shortfall is offered in the analysis of Jacobs et
al. [ 1992] (hercinafter referred to as J92), who found a negative
net mass imbalance for Antarctica J92 evaluated the net mass
balance of both the grounded and floating portions of the
Antarctic icc sheet. This is in contrast to BG91, who focused
on finding the net mass balance of the grounded portion only.
Because J92 considered the icc sheet in toto, they skirted the
difficult issue of determining downstream icc fluxes in the
grounded regime. Using the estimates of Giovinetio and Beni-
ley [198 5], with some adjustments in the Antarctic Peninsula,
J92 obtained a net mass input for the entire icc sheet of 2144
Gt/yr.  They then determined the attrition rates from iceberg
calving (-2016 Gt/yr), icc shelf melting (-544 Gt/yr) and runoff
(-53 Gt/yr), for a net mass imbalance of thc entire ice sheet of
-469 Gt/yr. “1 hc associated uncertainty is large (1639 Gt/yr).
‘1 'his indicates that onc cnd-member interpretation alows a near
zero or slightly positive net mass imb alance for Antarctica, On
the other hand, if shelf dissipation rates arc in equilibrium with
the mass flux out of grounded regions aong, the coastline of the
Weddell Sea, then the grounded Antarctic icc sheet may have a
nct hydrological imbalance of -469 Gt/yr, implying an Antarctic
contribution to sca level change £4=1.3 mm/yr,

in J92°s analysis, icc shelf melting assumes greater
significance than in most previous studics. Estimates of icc
shelf melting from five previous studics (see J92, I'able 2) aver-
age to -322 Gt/yr.J92’s estimate, at -S44 Gt/yr, is larger by
-222 Gt/yr. This difference accounts for nearly one-half of the
total icc sheet mass balance estimate of -469 Gt/yr. ‘I'heir
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analysis of ice shelf melting, involved consideration of direct
measurements of ice shelf thinning and thickening, as well as
observations of seawater oxygen isotope ratios, ocean salinity,
and thermal structure, and is supported by Ocean Circulation
modeling. Salinity variations arc indirect indicators of icc melt
rates since salinity is affected by fresh water flushing out of a
dissipating icc shelf [Jenkins and Doake, 199 |; flellmer and
Jacobs, 1992].

A Modified Scenario to Account for Observations of
Subshelf Meltwater Flow

Constracting a mass balance scenario based on J92’s
analysis requires apportioning the net mass imbalance between
grounded and floating ice because floating ice is alrcady part of
the ocean systemand dots not contribute further to sea level
change. J92 noted that their finding couldimply a variety of
conditions, ranging from assuming that tbc mass loss is derived
entirely from within tbc icc shelves (with grounded icc main-
taining its mass) to assuming that the mass loss is duc entirely
to an enhanced outward flux of grounded icc (with ice shelves
maintaining their mass), J92 further noted that Icss than half of
the negative net mass imbalance of -469 Gyr, equalto &,
41.3nm/yr, must come from the grounded ice sheet if it were
to account for the 0.45 mm/yr shortfall between the 1990 1PCC
estimates of the observed total rise rate, &: 1.S mm/yr [ War-
rickand Oecrlemans, 1990), and the sums of known sources and
sinks ( £~ 1.0S mm/yr). The latter are summarized as arising
from thermal expansion (= 0.4 mm/yr), mountain glaciers (x
0.4 mm/yr), Greenland (= 0,25 mm/yr) and Antarctica (= 0,0
mm/yn),

in constructing a mass balance scenario from J92, wc have
madc two assumptions, First, the mass imbalance of the inte-
rior portions of tile grounded icc is assumedtobe adequately
described by scenario 2 by arca(M.290 Gt/yr). This
scenario accounts for net mass balance observations of inland
icc where such observations exist, provides a rationale for
extrapolating to unmeasured inland regions, and docs not have
the extreme value of sealevel change of scenario 2 by mass,
Sccond, the net mass balance of the grounded portions of the
ice sheet is assumed to be sufficient to make up tbc IPCC
shortfall of 0.45 mm/yr of sea level rise (M = - 160 Gt/yr).
These assumptions imply that tbc net mass imbalance of inland
portions of thc grounded Antarctic icc sheet is reasonably well
constrained (anti described by scenario 2 by area) but that there
is substantial mass loss of groundedice a or near the ground-
ing line. The mass loss could be due to retreat of tbc ground-
ing linc or thinning of the groundedice sheet near the ground-
ing line. For the grid size adopted in this study, it is not possi-
ble to distinguish between the tw 0. Qualitatively, these
assumptions seem 1o be entirely consistent with the studies of
Bentley and Giovinetto [ 1991] and Jacobs et al. | 1992].

‘1 ‘herefore 450 Gt/yr (= -160 Gt/yr -290 Gt/yr) was removed
from the border of scenario 2 by area to obtain the J92 scenario
(Figure 6d). The icc shelf melting rates of J92 were used as an
approximate guide to determine where mass should bc
removed. ‘1'able 3 shows the net icc shelf melt rates determined
by J92 for four major ice shelf systems and the narrower shelf
systems distributed around tbc circumference of Antarctica
labeled “within 100 km of ice fronts’, Alsoshown for each ice
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shelf system is the net melt ratc expressed as a percentage of
the total net melt rate. The fina columns of I'able 3 show the
mass removed from the areas just inland of the various shelf
systems of scenario 2 by area for the purpose of constructing
the .192 scenario.  The J92 gridded balance map emphasizes
melting inland of the Filchner-Ronne and Amcry lcc Shelves
andplacesless emphasis on the melting of the narrow icc shelf
systems girdling Antarctica,

Jacobs and Hellmer [ 1996] have recently updated the esti-
mate of iceshelf melting to -756 Gt/yr from -544 Gt/yr, based
on NCw observations from the southern Amundsen and Bel-
lingshausen Seas. This moves the total Antarctic icc sheet bal-
ance from -469 to -681 Gt/yr, placing it even more firmly nega-
tive, and would require only 25°A of the imbalance to comc
from grounded portions of theice sheets to account for the
1PCC shortfall.

The four scenarios described in detail here include the three
Antarctic scenarios discussed by James and Ivins [1995].
Scenarios 1 and 192 arc the same. Scenario 2 by mass is the
same as James and Ivins® [ 1 99S] scenario 2. James and Ivins
[ 1995] did nat discuss scenatio 2 by area.

Additional Mass Balance Scenarios

In addition to the four Antarctic scenarios described above,
wc will consider the global geodetic response to three other
scenarios as follows: one for Antarctica, onc for Greenland,
srnd onc accounting for mountain glaciers and small ice caps.

1'0 scenario. TheTO scenario (Figure 7a) shows Trupin’s
[1993] steady-state Antarctic scenario with 0.0 mm/yr of sca
level contribution. Trupin considered three scenarios of Antarc-
tic icc mass change using Radok et al.’s [1986] gridded surface
mass accumulation data files and, for each scenario, evaluated
three cases corresponding to 0.0, 0.6, and 1.2 mm/yr of sca
level fall. The steady-state scenario corresponds to the situation
where a spatially uniform sheet of mass is removed from the
accumulation rates to give the desired amount of sca level
change.’ Antarctic accumulation rates tend to be largest around
the periphery; consequently, removing a uniform sheet of mass
lcads to mass loss in the interior and mass increase aong the
coast and in the Antarctlic Peninsula.

Northeast Greenland. 10 Figure 7b a northeast Greenland
scenario is shown that is a relatively ad hoc model constructed
from the results of Fahnestock et al. [1993], who reported flow
feat urcs reminiscent of Antarctic icc streams in northeastern
Greenland based on satellite imagery. It was developed by
assuming that the flow features correspond to a substantial mass
loss in this region, large enough, in fact, to account for the
missing mass equivaent to 0.4S mm/yr of scaleve rise implicd
in the | 1I'CC report [ Warrick and Ocrlemans, 1 990]. With
Greenland already assumed to bc providing 0.4 mm/yr, this
assumpti on requit es that Green land be contributing approxi-
mately 0.4 + 0,45 =0.85mm/yr of sea level rise. As con-
structed, the scenario provides 0.91 mm/yr. The striking aspect
of this scenario is that it alone explains nearly the entire
observed polar motion signature. This scenario is not rooted in
any glaciologically-derived mass balance studies and, conse-
quently, should be viewed as an interesting but entirely specula-
tive demonstration Case,
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Mountain glaciers and small ice caps. A fairly well con-
strained scenario can be assembled for the mass changes of glo-
bally distributed mountain glaciers and small ice caps. Meier
[ 1984] grouped mountain glaciers and small icc caps into 31
regions and, for 13of these regions, determined long-term mass
balances. He then employed a lincar relation between annual
mass balance amplitude and long-term (secular) mass balance to
estimate sccular mass balance for thosc regions where only
annual mass balance amplitudes were known, We utilized
Meier’s mass balance estimates, whet-c available, and otherwise
used the linear paramcterization to determine secular mass bal-
ance for dl 31regions. Our gridded version of this global esti -
mate corresponds to a 0.38 mm/yr contribution to sca level rise.

Computation of J,andm

lLow-degree, secular variations in the Earth’s  gravitational
field J, and the sccular drift of the pole m arc sensitive to
ongoing changes in surface mass loads. With sufficiently pre-
cisc observations and by considering all likely global geodetic
sources, constraints can potentially be placed on present day sca
level sources [Lambeck, 1 980 ; Mitrovica and Peltier, 1993;
Nevem and Klosko, 1996). } lere we briefly review how secular
global geodetic quantities may be obtained from a specified
changing sLn face mass load.

The Farth's external gravitational potential field 4 can be
expanded using normalized associated l.egendre functions
P, (coSo)

or020+ )

53l

x { ("Im c l(’” 7‘) 4 S/m (‘2(’” )") } i)l/u (COSO)\l

:“w zzz[}%'ww (1)

1-2m:0 =1

I let ¢ we have int roduced the spherical harmonics ¥77(0,1),
where ¢; and ¢, arc “‘cos’” and “sin” functions, and O and A
arc colatitude and longitude, respectively. In (I), G is the
gravitational constant; r? and m, arc the Earth’s mean radius
and mass, respectively; while » is the radial distance from the
Barth’s center. The spherical harmonics arc normalized with a
factor

122
e (204 1) (2 8, ) 2
Nlm = [ - (] 4 m )! > (Za)

such that 7, (cos0) = N, Pp, (cos0), and

I VO 17700 dS = An 8 8 By . (2b)

The Stokes coefficients C,,, arc given by
. @’ 4 k)

C i © O,l D o (C ) 5
" e QI 4 1){ o(0,1) Py, (cos0) ¢;(m A) dS
. 4n(12(] + k{7 v‘
z m, (?/ 3 ]) lmj (‘)

[Chao et al., 1987], where o(0,}) is the equivalent surface
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mass density of an applied surface load rind the eastic load
1 .ove number is &/, The surface mass density load consists of
an applied iceload and corresponding ocean load. The ocean
load is assumed to beuniformly distributed throughout the oce-
ans and is chosen to render the total imposed surface mass
equa to zcro.llence the global geodetic paramecters computed
here for present dayice mass changes include the eustatic
ocean load correction [e.g. Chao and O’ Connor,1988a).

Analyses of satellite orbital element accelerations, from
which time-varying gravity is a by-product [e.g., Eanes and
Bettadpur, 1996), utilize unnormalized harmonics in expanding
the Larth’s zonal gravitational field

’ 12

i > /
(- 0) - -('"."’ { - L["'J Ji P (cos0) } @)
which, in light of the foregoing, gives
1/1 a3 (2/ + I)”* Z"IO
a’(1 + kfh)
",

Ana’(1 4 kY
m.21 + 1) “0"

J:cs((),k)P,o(cos())dS

&)

where in (3) and (s), 6;,,; and o,,; arc the normed and
unnormed spherical harmonic coefficients of a surface density
load, respectively.From (5) it is clear that the gravitationa
cocflicients J; arc obtained from the surface mass or density
load o(0,A) through an integral with l.egendre polynomial
weighting functions, /; (cos0).

Perturbation of the Farth’s inertia tensor through surface
loading Ieads to changes in Earth rotation through conservation
of angular momentum. Standar d methodology involves wiiting
the Farth’s perturbed rotational state e referenced to the mean
angular velocity of the Earth Q; we have

oy = Qmy; o= Qmyy o3 = Q1 + my) 6)

[Lambeck,1980], where the standard axes x;, X,, and x; point
in the direction of Greenwich, 90°FE, and the (north) axis of
rotation, respectively. The myand m2 are direction cosines of
polar motion, Owing to the small angles involved, the m, can
be viewed as the angles subtended by tbe x ; and x,components
of the perturbed rotation w and the X,axis. Thetime rate of
change of polar motion »11,2 is therefore commonly expressed
as the timerate of change of an angle, in milliseconds of arc
per year (mas/yr) (1radian= 2.063 X 10* mas).

l.ike the gravitational coefficients J,, polar motion
m:uix, + 22X can bc  obtained  directly  from the
specification of a surface mass load [e.g. Lambeck,1980]. For
aload that is changing at a constant rate, wc have

4 N (14 /Ywnlr
s n- NC A 215 (7)

[Lambeck, 1980]. The quantity V21 = (5/3)1? is the degree 2,
order 1 normalizing coefficient. The transfer function X, is
given by the product of ko /(k. - k2), which accounts for
changes in the centrifugal potential (/i. = 0.942 and k,~ 0.30 is
the degrec 2 tidal loading response), and (144%'), which
accounts for the elastic yielding of the Earth (k% = - 0.30).

ny o= - (¢}
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The quantities ¢ and A arc the polar and equatorial moments
of inerlia, respectively.  The direction of polar wander y (in a
northern hemisphere perspective) is given by

Y = arctan(uiy / i) ®)

meas ured counterclockwise (cast ward) from the Greenwich
meridian. in a southern hemisphere perspective the direction of
polar motion Ysi is obtained by adding 01 subtracting 180° from

YNH-

Polar Motion and l.ow Degree Gravitational
Coefficients

This scction discusses the polar motion mand gravitational
cocflicient/; predictions, The following section discusses glo-
bal composite scenarios that include known sca level sources
aod arc constructedto provide J; predictions that agree with
obscrvations.

Prediction of PolarDrift Signature

lateral movement of surface mass causes a corresponding
shift in the principal moments of inertia of the Farth. In turn,
this forces a shifting of the Earth’s pole of rotation with respect
to the fixed crust. The net effect of mass buildup is to cause
tbc pole of rotation 10 move away from the mass. Spherical
harmonic degree 2, order 1, sLir'face mass density coefficients
were obtaincd for each of the mass balance scenarios shownin
Figures 6 and 7, and polar motion drift rates were thca deter-
mined using (7) and (8).

The polar motion results arc summarized in Table 4, and the
dircctions and magnitudes of polar motion are given in Fig ure 8
in both a northern and southern hemisphere perspective. Figure
8 confirms the above qualitative description; that is, Greenland
is losing myass, and Figure 8b shows the pole moving, toward
Greenland. Indeed, this scenario is remarkable in that it alone
accounts for a substantial fraction of the observed drift of the
pole.In the southern hemisphere (Figure 8a) the substantial
mass lost inland of the Filchner-Ronne Iee Shelf in the J92
scenario IS reflected in the direction of polar motion for that
seenario,

The direction of polar motion for scenariolis a comb ina-
tion of motion away from Pine Island Glacier and motion
toward the Riiser-1.arsen Ice Shelf. The resultant polar motion
points toward ncither region, showing how various potential
sources of polar motion may sum to provide a resultant vector
that is not obviously related to any of the sources. For both
scenario 2 by mass andscenario 2 by area, the mass increase in
Fast Antarctica, even though it is distributed Over a large
azimuthal range, dominates the mass increasc of the Pine Island
Glacier and (for scenario 2 by mass) the Antarctic Peninsula,
Conscquently, both predictions arc in the approximate direction
of 270°E. The polar motion due to smal ice caps and moun-
taio glacicrs is relatively small, refiecting the longitudinal varia-
bility of the mass sources, as noted by Peltier [1988] and Tru-
pin el al. [1992],

By far, the largest polar motion prediction is that foi
Trupin’s [1993] TO scenario. The predicted direction is caused
by the mass increase in the Antarctic Peninsula, combined with
the mass deerease that is concentrated in inland East Antarctica,
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These two effects dominate over the coastal regions of mass
increase in East Antarctica.  The m values given by 7rupin
[1993] for his steady-state, 0.0 mm/yr sca Ievel change scenatio
arc compared to the T0 values computed bet-c in I'able 4.
“I'rupin’s quoted polar motion magnitude m has been red uced
by a factor of 1.12 because wedonot include the possible
cffectof core coupling,. Agicement is fairly good, considering
the differences that can arise in constructing this scenario.

T'he polar motion predictions for our four Antarctic scenarios
arc considerably smaller than the T0 prediction (and the other
Antarctic scenarios considered by 7rupin [1993]) and, at most
(for the J92 scenario), attain 1/3 the magnitude of the observed
secular polar motion, Although the polar motion arising from
present clay Antarctic ice mass changes should probably be
included in polar motion budgets, the effects may not be as
large as previoudly indicated. However, any substantial hydro-
logical imbalance of the Greenland ice sheet would be sufficient
to excite significant polar motion because Greenland is located
away from the rotation axis nearer a peak of the degree 2, order
I, 1 .egendre function.

Peltier and Jiang [1996] have most recently considered sec-
ular polar motion in the context of postglacial rebound and find
that the observed secular polar motion can be explained in
terms of postglacial rebound aone, if there is a substantia
viscosity increase in the deeper portions of the lower mantle.
Future polar motion analyses using more tightly constrained
present day surface mass transport models are nccessary. A
full treatment might also include consideration of longer times-
cale phenomena such as mountain building [e.g., Vermeersen et
al., 1994] and should aso address uncertainties in the determi-
nation of the observed sccular polar drift. A comprehensive
treatment of polar motion is beyond the scope of the present
paper, and hei cafter we shall limit the discussion to the zonal
gravity harmonics,

Time-varying Zonal Gravity Coefficients

Zonal gravity coefficients represent the axialy symmetiic
undulations of the external gravity field. The | =2, m = O and
1=3,m =0 cocflicients have simple geometric interpretations,
the former reflecting oblatencss and the latter the Earth’s axial
pear shape. Although large nontidal ./,and J3 values can result
from mantle rebound, they may also be driven by surface mass
transfer such as the continent-ocean hydrological exchange that
causes sccular sea level rise. Figure 9a shows a tutorial exam-
plein which the Greenland icc sheet ablates and the grounded
Antarctic icc sheet grows, causing a dominantly pole-to-pole
mass exchange. Growth in both the pear shape (/3) and higher
odd-degr ce zonal harmonics must accompany this climate
change scenario. This particular example would not produce a
corresponding large J2 since equatorial regions would only be
indirectly involved and the oblate shape of the Earth would be
little affected.

Zonal nodal structure. Figure 9b shows the weighting
functions -1'1 (cos0) (equation (5)) for the zonal harmonics near
the south pole. The zeroes (nodes) of degrees 2, 3, and 4 arc
located well outside Antarctica but approach Antarctica with
increasing degree. The degree 5 node is located near the Fast
Antarctic coastling, and for higher degrees the node is located
well inside some parts of East Antarctica, illustrating, that with
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increasing degree comes increasing sensitivity to the details of
Antarctic mass redistribution. The alternation in sign between
even and odd harmonics at the south pole (O mar 180°) is also
apparent in Figure 9b. 1 .cgendre polynomials do not alternate
near the north pole (O near 00), explaining why the J; values of
the Antarctic scenarios alternate in sign with increasing degree
but the Greenland scenario J, values do not (Table 5). For a
uniform Antarctic icc mass increase (¢ > 0 in Antarctica),
corresponding toa sca level fall, Figure 9 illustrates that Jaand
Jywillbe negative and J;y and Js will be positive. This rule of
thumb is gener tiny valid but breaks down if there is a stiong
latitudinal dependence to the pattern of Antarctic icc sheet abla-
tion and growth such as is present in the 10 scenario, which
features interior ablation and coastal growth. For higher
degrecs it becomes increasingly more important to know the
location of the changing mass because the nodes are located
within Antarctica. '

Jy Maghnitude. The computed J;, values tend to maintain
their magnitudes to approximately degrec 6, then decrease in
size (1 'able 5). An exception is the mountain glaciers scenario,
for which the magnitudes arc negligible for degrec 4 and
greater, This is presumably due to the wide variation in lati-
tude of the mountain glaciers and ice caps, leading to relatively
efficient cancellation.  The 70 scenario features a marked
increase in J; magnitude with degree 1, With its mass loss in
the interior and mass increase along the coastlines, the 10
scenario is well situated to contribute to the degree 7 and § har-
monics, which change sign at about the same latitude in East
Antarctica as dots the mass accumulation of the T0 scenario,
For higher degrees (not sh own) the 10 J; values decrease
rapidly with degrec /. ‘t'here is very good agreement between
our calculated *1 0./, values and those given by Trupin [1993].

The sca level/d) dependence for Antarctica. Figure 10
shows how the predicted J; values vary with sea level change
for our four gridded scenarios and the Antarctic scenarios
studied by 7rupin[ 1 993]. Each frame in Figure 10 shows the
J; predictions on the ordinate axis and the corresponding sca
level change on the abscissa. For the lowest degrees there is a
fairly good, lincar relationship between sca level change and the
predicted J;  values for our Antarctic scenarios (solid ling;
lincar equation given above each frame). The linear fit
degrades with increasing degree, and for degrees 6 and higher
the fit is relatively poor. The magnitude of the y intercepts of
the lincar fits for our scenarios arc negligible at the lowest
degi ccs and increase with degree.  Thisreflccts the tendency of
the low-degree J; harmonic to depend mainly on the total mass
being gained o1 lost, whereas the higher harmonics arc more
sensitive to the spatia distribution of the mass change,

However, Trupin’s [ 1993] scenarios show it is possible to
construct Antarctic scenarios with no net mass change but with
substantial predicted J, values, even at the lowest degrees (Fig-
urce 10; also sec Table 5 for the T0 scenario). In addition to the
slecady state scenario discussed above, from which the T0
scenario was obtained, Trupin considered the cases in which the
interior is thinning at the surface mass accumulation rates given
by Radok et al.[19806] and the exterior is thickening at the sur-
face mass accumulation rates (“thinning interior”) and the
opposite case of interior thickening and exterior thinning
(“thickening interior”). For these scenarios the boundary
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between the interior and exterior regions was defined tobca
surfacc mass accumulation contour line chosen to give the
req uired amount of sealevelchange (0.0, -0.6, or -1.2 mm/yr).
Although the slopes of the lines for Trupin’s[1993] scenarios
arc similar to ours at low degrees, they have markedly nonzero
Yintercepts, reflecting the much stronger variation of mass
change withlatitude for these scenarios, In the following sec-
tion we will primarily employ the linear relationships developed
frtom our scenarios, as they embody current knowlcdge of
Antarctic icc sheet balance.

Global Composite Scenarios

(an global composite scenarios be constructed that satisfy
observational constraints on J; values, account for the various
known .J;sources, and satisfy constraints on total scsi level rise?
To answer this, it is necessary first to determine the Greenland
sca levei/./ dependence  similar to that determined for
Antarctica.  As well, consideration must also be given to the J,
contribution from postglacial rebound, which is often
parameterized in terms of mantle viscosity, assuming a given
load history such as ICE-3G [eq., Ivinsetal., 1 993; Mitrovica
and Peltier, 1 993).

Scal ‘cvcl/:l. Dependence for Greenland

Sca levellJ; parameterizations can be developed for Green-
land in the same way as for Antarctica. Figure 1 | is similar to
Figure 10 and shows how Greenland J; varies with its contribu-
tion to sca level change for 7rupin’s [| 9931 two Greenland
scenarios and our NI Greenland scenario.  7rupin’s [ 1 993]
scenarios wei ¢ derived from two gridded maps of Greenland
surface mass accumulationrates given by Radok et al. [1982].
The two maps tort espond to different assumptions about the
location of the Benson ling, which is the boundary between
interior regions of net positive surface mass imbalance and pet-i.
pheral regions of net negative surface mass imbalance. For the
two cases, then, of an inner Benson (1 B) and outer Benson
(OB) line, Trupin [ 1993] subtracted uniform sheets of mass
nceessary to provide specified amounts of sca level rise (- 0.5,
-0. I, and 0.3 mm/yr). i

Trupin’s [1993] two scenarios give very similar J; predic-
ions as a function of sca level rise. These predictions are not
dissimilar, in fact, at low harmonic degrec, to the predictions of
our NE Greenland scenario (sec the solid linc in Figure 11, pro-
doccd by assuming that the NE Greenland J; contributions are
proportional to its contribution to sca level change).

In the following global composite scenario analysis, the
average sca levellll dependence of Trupin’s [1992] two Green-
]‘ﬂll(i S_:enarios . is assumed .].2 =374 g, J3= 342&_,(, s
J4230.98,and J5=20.1&, where £ is the Greenland con-
tribution to secalevel change (sce Figure11). The act Green-
land sca levell.) dependence seems to be relatively unimpor-
tant.  Preliminary global scenario analyses incorporated the
rather ad hoc NI Greenland scenario rather than the average of
Trupin’s scenarios, and there was no significant change in the
overall patterns,

Rebound Calculations
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The glacia rebound contribution depends on the assumed ice
load history, which is highly uncertain in Antarctica, as well as
mantle viscosity. Therefore the composite scenarios derived in
this section should be viewed as illustrative and not definitive,
as will be discussed further in the final section. Figure 12
shows predicted J; values for two different parameterizations of
lower mantle viscosity with the difference occurring in tbc
treatment of viscosity variations in the deepest 650 km of the
lower mantle (2235. S to 2885.5 km depth). The solid lines arc
Mitrovica and Peltier’s [ 1993, Figure 1 ] predictions with man-
tlc viscosity varying beneath 670 km dcpth. The dashed lines
correspondto /vins ¢l al.’s [ 1993] calculations, in which mantle
viscosity also varies beneath 670 km depth, but the deepest 650
km of the lower mantle arc held at a constant, relatively high
viscosity of 6 x 1 0% Pas. '1*hclatier parameterizat ion follows
from the tendency of full numerical convective simulations to
maintain a fait ly thick high viscosity notch above the bottom
thermal boundary layer [Christensen, 198S; Ivins et al.,1993;
Tackley, 1 996]. Pari and Peltier [ 1 995] have given a recent
summary of al geodynamical constraints on the viscous profile
of the mantle, in which they aso favor the existence of a deep
high viscosity notch. in both cases the ICE-3G loading history
[ 7ushingham and Peltier, 1991] isused and the upper mantle
viscosity is assumed to bc 10! Pa s, In the following we will
refer to thc Mitrovica and Peltier [1993] calculations as the
homogencous lower mantle (HIM) case and the tvins et al.
[ 1993] calculations as the 650-km boundary layer (650111)
case,

For a fairly wide class of late Pleistocene deglaciation
models the prediction of time rate of change in the Earth’s
shape J, shows a prominent peak in the response when plotted
asafunction of lower mantle viscosity, a feature that was first
pointed out by O 'Connell [ 197 | ]. Peak J; rates occur at
viscosity values that arc small enough to respond fully to the
loading, cycle, yetlarge enough that there is still a substantial
ongoing response at present. Viscosities that arc too small have
almost completely returned to a slate of gravitational equili -
brium and hence give small present day rates. in contrast, an
exiremely highlower mantle viscosity produces a response that
istoo “sluggish”. .

Shown in Figure 12 is the observed /2 value obtained by
Nerem and Klosko [ 1996], It is clear that if glacial rebound
were the only process contributing to tbc nontidal time rate of
change of the degree 2 gravitationa field, there wouldbe two
preferted values for the viscosity that explain the observations
|e.g., Peltier, 1983]. It will be shown in the analysis presented
below, wherein we incorporate the effect of ongoing sca level
change, that this duality in the mantle viscosity solution is a
rather enduring feature.

The most striking_ difference between the two sets of curves
is the shift of peak ./; values to smaller mantle viscosities fo
the 650BI. case. The shift to smaller mantle viscosities occurs
because the presence of the high-viscosity 650-km thick layer
renders the “average” lower mantle viscosity higher than in the
homogencous lower mantle case. That is, a given viscosity in
the zone above the boundary layer produces behavior like a
somewhat higher viscosity applied across the whole lower man-
tle.  The magnitude of the shift decrcases with increasing
degi cc because higher-degrec gravitational coefficients sample
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less deeply into the lower mantle [Mitrovica and Peltier, 1991].

Baseline Assumptions for Global Composite Scenarios

“That present day hydrological transfers between the polar ice
sheets and ocean are an important source for J; and must be
simultancously considered along with postglacial rebound has
been known for some time[e.g., Sabadini et al., 1988; Wahr et
al., 1993] and has most recently been discussed by Nerem and
Klosko [ 1996]. Our approach parallels that taken by the latter
authors. A rough sketch of this type of analysis is given by
Lambeck | 1980, chapter 9], and has also been discussed by
Mitrovica and Peltier [1 993].

We systematically vary the assumed lower mantle viscosity
and sca level change & sourced to the negative (or positive)
mass balance state of both the Antarctic and Greenland ice
sheets. The sum of the predicted J; contributions from the
various sources are then compared to the values deduced from
satellite observations, We commence with seven basic assump-
tions to determine the general pattern of behavior, then examine
the consequences of varying a number of the assumptions.

‘The assumptions arc as follows, (1) The postglacial contri-
bution to J; comes from either the H1.M or 650B1. cases (scc
Figure 12). (2) The Antarctic J; contribution can bc deter-
mined from the lincar relationships between sea level and Jy
givenin Figure 10 for the four Antarctic scenarios developed in
this study (solid line, sec above each frame). (3) The Green-
land J; contribution depends oa the Greenland contribution to
scalevel change in a way specified by the mean slopes given
by Trupin’s| 1993] two Greenland scenarios (Figure 11, mean
slope of short-and long-dashed lines, sec above each frame),
(4) The scalevel and J; contributions from mountain glaciers
and small ice caps are known (Tables 4 and 5 [after Meier,
1984]). (5) The thermal expansion contribution to sca level
change is roughly 0.4 mm/yr [ W arvick and Qerlemans, 1990].
(6) The anthropogenic effect on sealevel change is negligible.
(7) Other potential J; sources are negligible.

Scarches for optimal parameter combinations were under-
taken for a number of choices of total sca level change &. For
each choice the Antarctic contribution was allowed to vary sys-
tematically. With thermal expansion accounting for 0.4 mm/yr
of scalevel rise and the melting of mountain glaciers and small
icc caps providing an additional + 0.38 mm/yr, the Grecnlfand
contribution to sca level change and hence J; could be deter-
mined.

As a measure of the quality of any particular fit, a normal-
ized standard deviation

4. ) VRN
d- Hzt(./,‘t o] J/.z\ ©)
/22 J

was computed. Here the superseripts “0” and “p “ refer to
the observed and predicted values, respectively, and o, is the
quoted uncertainty of the observation. This quantity is con-
structed to have thc value | if thbc predictions, in a root-sum-
square sense, are a distance of 1o from the observations, a
value of 2 if the predictions arc located 26 from the observa-
lions, and so on. '

Fxcept where noted, we usc the J, determinations of Nerem
and Klosko [ 1996] based on analysis of 1.AGEOS] and 2,
Ajisai, and Starletie orhits as follows: J2 = - 27.7 1 2,5,
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Jys 157 435.andJs: 2() 4 146 (in 10 “yr'). The
degrec 3 determination  is  the lumped observation
Ja = Jy + 0.837J5 Holding the predicted values J/ = O, the
standard deviation of the observations is 6.9.

Self-consislcmq for the Viscosity Models

Figure 13 shows the contoured standard deviations when the
postglacial J; come from the homogencous lower mantle
(I M) case, shown as solid lines in Figure 12. Results are
shown for the total amount of sea level rise ranging from O te
2.5 mm/yr. Figure 13 clearly indicates that there arc. choices of
the somewhatambiguous observation of total ongoing sea level
change &, Antarctic sourcing for sca level change &4, and lower
mantle viscosity that cause the standard deviation to be substan-
tially reduced below the standard deviation of the observations
(= 6.9). Across a range of total sca level risel <& <2 mm/yt
there are parameter choices that reduce tbc standard deviation
toless than 1.0.

Aiso clearly shown in Figure13 arc the well-known low and
high viscosity solution branches characteristic of late Pleisto-
cene rehound models. Along these branches the standard devi-
ation is reduced in a similar style. The two branches app1 each
onc another with increasing ¢ and, indeed, merge at &= 2.0
mm/yr with alower mantle viscosity of 2 x 10’ Pa's. As total
scalevel rise & increases above 2.0 mm/yr, the minimum stan-
dard deviation increases substantially, producing a value
d=42 a &=25mm/yr (which is ncar the largest recent esti-
mate of present day eustatic sca level rise). As & deercases
below 1.0 mm/yr, tbe branches diverge farther. The high
viscosity branch disappears beyond 107* Pasat 0.5 mm/yr total
scalevel rise, whereas the low viscosity branch has a pro-
nounced standard deviation minimum of 1.33 (lower mantle
viscosity is then ]021 pa' S with Antarctica’s sourced contribu-
tion &,=-0.1 mm/yr), At £ = 0.0 mm/yr, the viscosity of the
low-viscosity branch minimum is reduced to less than 10°! Pa
S,

Figure 14 shows a similar analysis for the 650-km boundary
layer (650111.) postglacial rebound case. Ivins € al’s [1 993]
calculations assumec an 1CE-3G loading history, a lower mantle
viscosity thatvarics from 1 02(' to 10°*Pa s, and that the decpest
650 km of lower mantle is fixed at6 x10* Pa s. The broad
featurcs arc similar to the HI.M case, with two branches of
solutions that arc widely separated at & = 0.0 mm/yr and that
approach onc another with increasing total scalevel rise €. In
detail, the behavior is somewhat different. The preferred lower
mantle viscosity values arc smaller by a factor of 5to 10 when
compared to the HI.M case. The two branches merge at 2.5
mm/yr of total scalevelriserather than 2.0 mm/yr.

Toward a Constraint on Present-day Antarctic Mass
Balance?

I"able 6 defines 11 global composite scenarios, based on the
location of the standard deviation minimain Figures13 and 14.
For both the | 1i.M and 650BI cases it shows a relation
between total scalevel change and the location of the minimum
standard deviation, For§ = 1.0 mm/yr, Antarctica ablates at a
rate that contributes roughly &,= 0.2 mm/yr to that total rise
rate. As the total assumcd scalevel rise € increases to 2.0-2.5
mm/yr, the Antarctic positive sourcing increases to about &, =
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0.8t0 L.Omm/yr. )

Table 7 shows the predicted and residual J; values for the 1 1
composite scenarios. Postglacial rebound tends to producc the
largest J; signatures. The Antarctic mass baance signatuse is,
generally, predictedto be the second largest and of opposite
sign to the glacia rebound contribution. ‘1'here is a trade-off
between the contributions from rebound (which depends on
mantle viscosity) and Antarctic mass balance (which depends
on the Antarctic contribution to sca level change). For the
Il M case a lower mantle viscosity near 1072 Pa s (e.g., com-
posite scenario 1)) predicts a large postglacial rebound J; value.
The latter  therefore requires a large &4 to provide a large
offsetting J; contribution from Antarctica in order to match the
observed.; values. In comparison, the 650BL. case has peak
postglacial rebound.J; values around 2 x 1021 Pa s, correspond-
ing to compositc scenario J, which features 1.3 mm/yr of sea
level rise from Antarctica. For both mantle viscosity parame-
terizations, then, a very substantial glacial rebound signal
appears tobe quite viable but implies a large amount of total
scalevel rise € and corresponding large negative mass balance
for Antarctica.

From Table 7 the residual values tend to be largest for
degree 4, a conscquence of the J, value having the largest
uncertainty. As we shall scc, tighter observational constraints
on .J,arc useful in reducing the range of allow’able parameters
that satisfy the .J; observations.

The j,Budgcl

The general pattern shown in Figures13 and 14 is robust.
We varied a number of assumptions and found that the double-
root solutions that merge with increasing, global scalevel arc
quilt persistent, To assist in understanding how varying a
given source paramcter can affect the location of the standard
deviation minima, here wc derive a formal expression for the J,
budget. The following development also highlights an impor-
tant contrast in the constraints provided by even- and odd-
degree hat-fnonics.

For the purposes of our parameterization the total custatic
sca level change € is

E,.'§4 + &6 + E.;M + éw, (lo)

where the subscripts .4, G, M, and W refer to the sea level
contributions from Antarctica, Greenland, mountain glaciers and
small icc caps, and thermal expansion effects, respectively.
The J; contributions from Antarctica and Greenland, respec-
tively, can be writlen as

Jiu = ake+ by, (11a)
Jio = 8- (11b)

‘I 'he coeflicients a;, b, and ¢; arc the coefficients relating sca
level contribution to J; (e.g., sec Figures 10 and | 1), and for
simplicity, wc shall assume that the Greenland sca levellJ;
dependance dots not have a constant term, Relation (10)
allows the Greenland contribution to sca level &g to be elim-
inated from ( 11 b), such that

-}/(.' = ('I(é - &4 - &M - &Il’)- (12)
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The total J, budget is
-)/ = J.IA 4 J/(.' 1 J/M + -jl}'(iks (13)

where PGR refers to the postglacial rebound component. With
(11a) and (12), this total can be rewritten as

Jp= Bl - o)A o (14)
Cy (.E;M L gu ) + bl + JI‘M + Jnar

If wc assume that a parameter combination has been found that
satisfies a set of observed J;, then (14) can be used to deter-
mine how a change to onc of tbc source parameters forces
another source parameter to change to maintain agreement with
the .J; obscrvations. ‘

Equally important, (14) shows that the J, budget depends on
the Antarctic contribution to sca level &, through the difterence
of the lincar coefficients a;-- ¢;. As a comparison of Figures
1(1 and I'1 shows, the lincar coefficients tend to be of thc same
size and sign for the even-rlcgrec harmonics, especially at
degrees 2 and 4, so that thedifference ;- ¢, O. This
implics alack of sensitivity of the even-dcgr’cc J; budget to the
Antarctic contribution to sca level&,. in marked contrast, thc
linear cocflicients for the odd-degree harmonics arc of opposite
sign and of approximately thc same sizc, especialy at degrec 3,
so that the difference a; - ¢; = 2a;. Hence the odd-degree
budgel is twice as sensitive to the Antarctic contribution to sca
level &4 as it is to the total sca level &, whereas the even-
degr cc budget isrelatively insensitive to the Antarctic contribu-
tion to sca level. For degrees 2 and 3 we therefore have

Jy= ak - axag 4 &) by Jow + Jonrs (15a)
Jy= 20384 - a5k A ax(Eps 4 E) A by Jag A Jarars  (15b)

with approximations ¢2x¢2 and a3= - c;.

As an example of how (15) can be used, Ici us consider that
wc have found a parameter combination that satisfies observed
J, values; that is, wc arc located at a standard deviation
minimum (a global composite solution). Toremain at that
standard deviation miminum, a change to onc source parameter
must be accompanied by opposite changes to one or more of
the othet parameters o that the Icf[-hand-sides of (15a) and
(I 5b) remain unchanged (8., = 8/3=0).1.ct us assume that
the thermat expansion of the oceans &y is doubled from 0.4 to
0.8 mm/yr (8%, = 0.4 mu/yr). If wc keep tbc mountain gla-
cier and  glacial  rebound  contributions  unchanged
(884,=8ps» 8J1pcr = O), then in (15a) the only way to offset
the effect of the increase in thermal warming is to increase the
global sca levelrise & by an equal amount. The degree 3 rela-
tion (15b), with 8¢ = 8¢y = 0.4 mm/yr, is immediately satisfied
without requiring a further change to ancther source parameter
(such as Antarctic contribution to sca level). Wc conclude that
the effeet of increasing the thermal expansion is to shift thc
solutions toward larger amounts of global sca level rise but oth-
crwise leave the solutions essentially unaltered, This is
confirmed in the following discussion.

Although this example is relatively straightforward, in gen-
eral, it is not obvious how perturbing a given source parameter
affects the other source parameters. Consequently, through
direct numericat calculation we varied thc observational con-
stiaints 1o reflect other groups’ J; determinations, assumptions
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regarding anthropogenic and steric effects on sea level rise and
the mountain glacier .J, and sca level contributions, and the
assumption that only surface loading contributes to J;, to sec
bow the global composite solutions arc affected. Wc found that
the double branch of the viscosity solutions is a rather enduring
feature.

To illustrate this, Figure 15 shows the trace of the standard
deviation minimum when a variety of assumptions arc varied,
Figure 1 5 (left) shows bow tbc location of the minimum stan-
dard deviation shifls as thc total scalevel change is varied, and
Figure 15 (right) shows the actual vaues of the standard devia-
tiond. The standard calculation against which the assumptions
arc varied is tied to the Nerem and Kiosko [1996] satellite
laser-ranging solutions for .), and aso relics on thc HI.M posig-
lacial rebound calculations (see list of assumptions and Figure
13)

Alternative l.aser Ranging Solutions for j,.. Figures 15a
and 15b indicate tbc effect of using alternative .J, determina-
tions. in addition to Nerem and Klosko’s | 1996] valucs (solid
line), we utilized Cazenave ¢l al.’s [ 1996] values (short-dasbed
line) and Cheng eral’s [ 1989] values (long-dashed line),
shown in Table 8 Different groups pursucd different data
reduction strategics, so that Nerem and Kiosko [ 1996] present a
"lumped" .)3, .J3+ 0.837.),, whereas Cheng et al. [1989] and
Cazenave er nl. [ 1996] solve for an isolated Js.

Results gencrated by assuming either Nerem and Klosko's
[ 1996} or Cheng eral’s [ 1989 values arc actually quite simi-
lar, This can be attributed to thc similarity of thc respective
solutions for .7, and .J, and further implies that Nerem and
Klosko’s lumped .)3, dots not give an appreciably different
constraint than Cheng etal.’s./3. The main difference is the
markedly higher standard deviations obtained for the low-
viscosity branch using Chengctal.’s values. Examination of
the residuals shows that it is the appreciably tighter constraint
on Cheng ctal.’s J, thatlcads to thc higher standard deviation
along the low-viscosity branch. This shows how tighter con-
straints on higher-degree harmonics could assist in discriminat-
ing between competing, composite scenarios.

The only significant difference in the location of the standard
deviation minima shown in Figure 15ais that tbc preferred
solutions for Cazenave et al.’s [ 1 996] J,‘ are systematically
shifled toward higher Antarctic sea level contributions by 0.2 to
0.3 innj/yr. Cazenave € al, [1996] find a large negative value
for.J,. Satisfying this constraint would require an increase in
Antarctic icc sheet ablation, in comparison to the other J; solu-
tions. The physics involved in this effect is explained in Figure
9a, although the sign and direction of the J; and the hem-
ispheric mass transport arc reversed. This can also be under-
stood by considering (15b), where, with &)3 <0and a3 <0and
all the source parameters fixed except for Antarctic contribution
to scalevel, we must have the change to the Antarctic contribu-
tion to sca level 88 4> ().

Figure 15b shows that the standard deviation minima arc
typically below 2, except for Cheng efal.’s [1989] low viscos-
ity branch. Forallthrec sets of solutions thc standard deviation
is reduced to values of 1 or less for some combination of
parameters. The smallest standard deviations (best fits) tend to
be attained on the high-viscosity branch or where the two
branches merge a 2 X 10°? Pa s.
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Some Alternative Source Assumptions. 10 the foregoing
analysis wc assumed that the anthropogenic contribution to sea
level is nil, that thermal expansion provides 0.4 mm/yr of sca
level vise [ Warrick and Oerlemans, 1990], and mountain gla-
ciers provide 0.38 mm/yr [Meier, 1984]. I'here is uncertainty
regarding the magnitude of all these effects. For example,
Meier [ 1993] places the anthropogenic contribution to sca level
at 0.234 0.24 mm/yr,40.06 to + 0.3 mm/yr caused by ground-
water “mining” and -.07 to -0.17 mm/yr duc to reservoir
impoundment, obtained by adding the small estimate of reser-
voir impoundment 10 the larger estimate of groundwater deple-
tion. However, if Chao’s [1999] recent estimate of -0.3 mm/yr
for reservoir impoundment is accepied, then the anthropogenic
contribution drops back to O or cvco becomes dlightly negative,
Similarly, a recentreasscssment of the sterically induced rise
Component of 0.22 to 0.s 1 mm/yr [de Wolde € al.,1 995]
ranges fiomsoo w1 20°A of the value of 0.4 mm/yradopted
bere [ Warrick and Oerlemans, 1 990]. Finally, Trupin et al.
[ 1996], in considering the mass balance of mountain glaciers in
western Canada and Alaska, argues that these glacier systems
alonc are contributing 10 sca level a arate of ().4 4 ().2 mm/yr,
which, if correet, suggests that Meier’s [1 984] mountain glacict
and small icc caps cstimatc is too smiall.

T'o address the uncertaint y in these sources, and without
attempting 10 determine ““preferred’’ aternatives, we consider
variations in the thermal expansion and mountain glacier
sources. Figures 1 Scand 15d show the effect of assuming that
thermal expansion contributes 0.8 mm/yr to sca level rise rather
than 0.4 mm/yr (short-dashed linc)and the effect of assuming
that mountain glaciers contribute twice as much to sealevel rise
(0.76 mm/yr rather than 0.38 mm/yr) and, consequently, drive
Jyvalues that arc doubled (Jong-dashed ling). The effect of the
doubled mountain glacier contribution is rather negligible; the
curve is shifteddown by amere O. | mm/yr in Antarctic contri-
bution to sca level. in contrast, as predicted in the discussion
following (1 5a) and (15b), the dominant effect of doubling thet-
malexpansion isto shift the solutions toward larger amounts of
global scalevel rise. The standard deviations again arc typi-
caly less than 2, athough for the doubled mountain glacier
scenario the standard deviation dots not drop below unity for
any combination of paramcters. The important result is that
perturbing these sources by a factor of 2 dots not alter the gea-
cral pattern of preferred globa solutions.

A more profound effect is shown in Figures15¢ and 15f,
where the Antarctic sca level/~ parameterization is derived
from7rupin’s [ 1 993] steady state scenario, rather than from our
gridded Antarctic scenarios. The steady state scenario features
astrong latitudinal contrast between interior regions of mass
loss and coastal regions of mass accumulation (the TO scenario
shown in Figure 7a is a specific instance of the steady state
scenario cortesponding 10 0.0 mm/yr of Antarctic contribution
to se? level). Although the slopes of the steady state sca
level/.l parameterizations (sce the long-dashed lines of Figure
10) arc quite similar to the slopes of our parameterizations, the
steady-state parameterizations feature strongly nonzero inter-
cepts. As shown in Figures15cand 15f, this drives the global
solutions toward significantly smaller amounts of total sca level
rise and smaller amounts of Antarctic contribution to sea level.
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The importance of this example is apparent when one recalls
that the unmeasured areas described by Bentley and Giovinetto
[ 1991] (see Figure S) alllic along the Antarctic coast. If future
mass balance mecasurements aong the East Antarctic coast
reveal a sttONg contrast with interior regions, thenthe constant
terms (the &, term in 118) in the Antarctic sca level/~parame-
terizations would become nonzero, W hi ¢ h would result in
changes to the global composite scenarios, However, thc size
of the change would likely be smaller than that found for the
steady state scenario unless the imbalance is much greater than
that featured in scenario 2 by mass. Scenario 2 by mass, which
provides -1. | mu/yr of sca level rise, has its extrapolated mass
imbalance concentrated in coastal regions, and yet for low har-
monic degrees it iics quite close to our nearly zero intercept
parameterizations (solid lines, Figure 10). ‘I'his indicates that
much larger latitudinal mass balance contrasts arc nccdcd to
obtain parameterizations with markedly nonzero intercepts.

Figures i Sc and 15f also show the effect of assuming a con-
tribution to the observed Jfrom core flow-induced variations
in the pressure field a the core-mantle boundary with magni-
tade J2: - 13 %10 ;2 fyr [Fang et al, 1996], a valuc about
1/2 of the observed/2- The estimate of the secular change in
CMB pressure is somewhat speculative since it relics on the
hypothesis of a frozen-flux ficld that is embedded in a nearly
geostrophic core surface flow that is properly inverted for by
employing gecomagnetic ficld data spanning epochs 196S to
i 975]sce ];lo.[hem et al.,1989]. 1 icrc we include this estimate
since it speaks, in some measure, to the question of how a frac-
tional and possibly unmodclable part of observed 72 might cor-
raptour analysis. While the overall pattern is unchanged over
much of thclower mantle viscosity range, the inclusion of the
sccular variation in CMB pressure dots degrade the solutions
and this is reflected in the higher standard deviations (poorer
fit) over most of the viscosity range (Figurel5f). This degra-
dation could be intetpreted in the following four possible ways:
(i) Fang cral. [1996] have overestimated the magnitude of the
core-flow pressure effect, (2) there arc yet other processes con-
tributing to the sccular variation of the global gravity ficld
(such as internal oceanic and atmosphetic mass exchanges), (3)
cither or both the parameterizations for the present day surface
mass change and glacial rebound could be scriously in error, ot
(4) that ail sources have been included and all the estimates and
parameterizations arc con ectly considered, implying (from Fig-
ure 151) that total sca level change is currently around 2.5
mm/yr anti the “average” lower mantle viscosity is around
2 x 107 Pas. it wouldbe premature to exclude any of these
possibilitics.

The Important Role of a Well-determined Odd-degree
Sccular | larmonic. As discussed above, an odd-degree har-
monic constraint is nceded to determine the Antarctic. (or
Greenland) contribution to sca level. This crucial point is illus-
trated in Figure 16, which shows the contoured standard devia-
tion obtained using Fanes and Rettadpur’s [ i 996] J2 and J,
values (Table 8), but excludes a constraint on J;. For a given
amount of total sca level change tbc standard deviation is
almost completely independent of tile Antarctic contribution to
sca level change.  This occurs because the Antarctic and Green-
land sca levell/; parameterization for the even, iow-degree har-
monics is approximately equal; so as the Antarctic contribution
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to sca level rise changes, Greenland's aso changes but with
opposite sign, and the two J; contributions nearly cancel. What
isieft is the strong dependence on mantle viscosity. In marked
contrast, if odd-degree harmonics arc included, with their oppo-
site hemispheric parity, a tight constraint on the partitioning of
sca level change sourced to the Antarctic and Greenland icc
sheets is introduced. The tutorial example of Figure 9a also
illustrates this.

The pronounced degradation in source constraint revealed in
Figure16 is caused by the assumed lack of knowledge of the
sccular variation of the Earth’s skew-symmetric (odd / ) har-
monics. The latler harmonics have opposite parity to those of
even / and the stark contrast of nonconvergent (Figurcl16) to
convergent standard deviation minimizations (Figures!3 and
14) is, indeed, a testament 10 their powerful information con-
tent. Polar sources of secular sca level variation arc con-
strained by low-degree secular gravity only if odd-degree con-
straints arc included,

Discussionand Summary

The global composite scenarios developed in this paper illus-
trate the powerful constraints on present day mass balance and
1 ‘arthrheology that a consistent, well-determined set of .J;
observations could provide. 1lowever, with the present large
observational uncertainties for all but the relatively well-
determined degree 2 harmonic, it cannot ycl be argued that they
provide definitive answers.  Therefore efforts to improve
observed secular zonal gravitational harmonics arc quite war-
ranted.

Some portion of the observed secular polar motion may be
driven by the present day mass imbaance of Greenland or
Antarctica [ 7Trupin, 1993]. However, the sighatures  predicted
here from the drainage basin [Bentley and Giovinetto, 1991]
and icc shelf melt rate modified scenarios [Jacobs et al.,1992]
have a magnitude that is, a best, onc third of that observed, 1t
would appear that a robust observation of J; might provide a
more important picce of global geodetic information for con.
straining Antarctic mass balance than does polar motion,
Naturally, if the odd-degree harmonics arc to provide definitive
constraints on polar ice mass balance, other possible sources fot
J3 (and higher degrees) mustbe more tightly constrained, Fot
example, a complete evaluation of the last half century of
anthropogen ic-related hydrologic balance remains somewhat
ambiguous and only the reservoir component appears to have
been treated adequately [Chao, 1995].

Global Implications of the Antarctic Scenarios

Our gridded Antarctic scenarios arc based upon mass bal-
ance analyses of individualice drainage basins [Giovinetto and
Beniley, 1985; Bentley and Giovinetto, 1991]. The scenarios
capture scveral important features of glaciologically and
occanographically based models. in particular, since they focus
on individua drainage systems, they represent a common stan-
dard from which al types of accumulation, flow, and ablation
data arc to bereferenced in future data-based model improve-
ments [e.g., Bentley,1995). Additionally, tbcy represent alter-
native cnd-member extrapolations to regions having little or no
datacoverage. As data that further constrain mass balance of
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individual drainage basins become available, models based on
this data will provide independent bounds on the Antarctic icc
sheet contribution to observed J; and &. For example, recent
regppraisals move the Pine Idand Glacier toward a less positive
mass balance [Lucchita € al.,, 1995] and nearby ice shelves
toward greater melting [Jacobs and Hellmer,1 996], suggesting
that @ future round of scenario revisions might feature a less
negative (more positive) Antarctic contribution to sea level.

Owing 10 the wide variation in &4 anti J; that our models
prodict, we cannot argue that any onc of the four scenarios cla-
borated upon here necessarily represents a significant refinement
over the scenarios used in previous studies by Zrupin [ 1993]
and Mitrovica and Peltier [1993] to determine mass balance
related J;. 1 lowever, despite the differing ways in which mass
imbalance was extrapolated to unmeasured regions, our Antarc-
tic scenarios reveal a ncarly lincar relationship between the
simultancously predicted low-degree J, and Antarctica’s contri-
bution to present day sca level change 3,4 . Unless futurc
scenario revisions include quite drastic changes from the current
state of knowledge of Antarctic ice mass balance, tbc sea
levell,), paramecterizations developed from our models may
prove to berelatively stable,

With similar lincar relationships developed for Greenland sea
level sourcing £ and J;, this permits an exhaustive exploration
to find optimum values of Antarctic and Greenland sea level
sourcing that provide agreement with observed sealcvel and J,
when combined with other sca level and J; contributors. Our
scarch for optimum parameter combinations included assumed
known sca level contributions from ocean thermal expansion
and small icc masses and J;, contributions from smallice
masses and glacial rebound. 1.ower mantle viscosity was freed
as a parameter for the postglacial rebound Ji, and the ICE-3G
glacial load history of Tushingham and Peltier [1991] was
assumed.

N umerous viable combinations or global composite scenarios
of Antarctic and Greenland scalevel sourcing and lower mantle
viscosity could be found that satisfy observed J; for globa sca
level rise &1 tinging from less thanl to 2-2,5 mm/yr. Postgla-
ciai rebound is generally the largest J; source for the composite
scenarios. A well-known feature of postglacial rebound J; is
the existence of a pronounced peak at some lower mantle
viscosity, implying, in gencral, the existence of two mantle
viscosity solutions that can deliver a given postglacial rebound
)». The duality of J, -derived mantle viscosity solutions has
been discussed at length [c.g., Yoder et al.,1983; Peltier, 1983,
1985; Rubincam, 1984; Yuen and Sabadini, 1985; Yuen et al,,
1 986; Miwovica and Peltier,1989, 1 993; Ivins ef al., 1993;
Wahr et al.,i 993), and we found it to be a persistent feature of
the global composite scenarios.  }lowever, the strong interrela-
tionship between assumed total secalevel rise £ and the pre-
ferred lower mantle viscosity revealed by the global composite
scenarios has not previously been explicated.

in general, the two viscosity branches arc separated by a fac-
tor of 50 or more in mantle viscosity for total scalevel rise
around £ = 1 mm/yr, and as £ increases to 2-2.5 mm/yr the
two branches approach one another and merge, For larger
amounts of total sca level rise the solution degrades rapidly.
This isentirely consistent with tide gauge analyses showing that
total sca level rise is between | and 2.5 mm/yr, but it dots not
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provide ancw constraint. Thelargest contributor to J, is post
glacialrebound and is offset by a smaller Antarctic contribution
of opposite sign. The secular variations in gravity harmonics
driven by the Greenland ice cap, temperate glaciers, and other
smallice caps tend to give a smaller contribution to the total.

The general pattern of the solutions was preserved in two
very different parameterizations of lower mantle viscosity, onc
which assumed a homogeneous lower mantle (}I.M)arnd
another which assumed viscosity varying in tbc lower mantle
but with the deepest 650 km fixed at a relatively high value of
6 X 10°* Pa- s (650111.). The effect of having a high-viscosity
lower mantle is that the preferred viscosity of the remaining
lower mantle is red uced relative to the HIM case. Both types
of lower mantle viscosity structure provide rather nicely iso-
lated solutions, and this tends to indicate that there exists a
broad range of lower mantle viscosity stratifications capable of
giving agreement with the observed ., for a given choice of
totalsca level rise &, When Cheng et al.’s [ 1989] J, solutions
were used, which feature a substantially smaller error estimate
for /4 than the other laser-ranging solutions, a marked degrada-
tion in the fit of the low-viscosity branch solutions occurs.
This suggests that in the future a tighter set of constraints on
observed J, for / > 2 might permit certain lower mantle viscos-
ity structures 10 be excluded [Mitrovica and Peltier,1 991; Ivins
etal.,1993],

Provided the odd-/ constraints arc retained, the genera char-
acter of the preferred solutions holds, even when some underly-
ing assumptions arc varicd. Doubling the mountain glacier
(and doubling their contribution to J;) or doubling the steric
component of sca level rise only causes the preferred solutions
for Antarctic sources to change slightly and has little effect o11
the glacid rebound dominated behavior, When the Antarctic
sca levell,) pat ameterizat ion is changed to reflect the strong
latitudinal dependance of mass balance found for Trupin’s
[ 1993]) steady state scenarios, a larger change is observed,
although again the basic solution behavior is retained. A case
where about 1/2 of the observed ./,is assumed to come from
processes other than glacial rebound or present day hydrological
exchanges (specifically, pressure loading at the CMB predicted
by F'ang et al.[ 1996]) reveals the same basic solution behavior,
although there is a poorer fit over much of the viscosity or total
sca level rise range.

Antarctic Seal.cvel Sourcing and Qdd Degree Zonal
Harmonics

Our J', -based solutions for the sca level rise iA caused by
the mass imbalance of tile grounded Antarctic ice sheet tend to
parallel the assumedtotal (global) sca level than.gc. The cus-
tatic sca level components of the negative Antarctic mass bal-
ance solutions correspond to about, £, = 0,0 mm/yr a, €= 1,()
mm/yr total sca level rise and to &, = 1.O mm/yr at & = 2 to
2.5 mm/yr.  Thisrequirement for Antarctic ablation is con-
sistent with thc assessment of large basal melting and calving
rates in the Weddell Sca reported by Jacobs er al. [1 992] and
opon which the J92 scenario was constructed, The latter esti-
mates arc rather consistent with the observation that ice shelves
at the margins of the Antarctic Peninsula, in both the Bel-
lingshausen and Weddell Seas, have been rch-eating since about
J 945 [ Vaughan and Doake,1996]. However, our estimates of
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present day Antarctic sea level sourcing also depend critically
on assumptions regarding the timing and magnitude of deglacia-
tion,

For example, the global composite solutions change
significantly when the glacial rebound J, values of Walr et al.
[ 1993] (not discussed above) arc used instead of the HIM
values of Mitrovica and Peltier [ 1 993]. Wahr € al. s 993]
calculations employ the same mantle viscosity structure as the
HIM case and only differ in assuming a simplified deglaciation
history. Three disks, corresponding to the laurentide, Scandi-
navian, and Antarctic ice sheets, which undergo steady, uniform
glaciation and deglaciation phases peaking at18 ka and ending
at 8 ka, deliver peak glacial rebound J; vaues which arc only
50% or Icss of the peak } 11.M values. This has a rather impor-
tant effect on the global composite scenarios, as the range of
acceptable total sea level rise drops to O to Imm/yr, and the
corresponding range of Antarctic contribution to sca level is
-0.4 to 0.3mm/yr. This rather profound change shifts the glo-
bal composite solutions from requiring Antarctic ablation (111.M
case) to alowing either Antarctic ablation or accumulationand
highlights the importance of the deglaciation history in con-
structing, secular renal gravity budgets.

Itis therefore quite possible that changes to detailed deglaci-
ation models such as 1CE-3G could produce  significant changes
to .), -derived interpretations of mantle viscosity and icc mass
balance. ThelCE-3G model employed in al caculations here
features a late (9-5 ka) Antarctic deglaciation, in marked con-
trast to models that feature an carlier southern hemispheric ice
meass transfer to the ocean basins that is amost exactly in phase
with the late Pleistocenc and early Holocene northern hem-
ispheric glacial retreat (e. g., 1CE-2 [Wu and Peltier, 1983)).
Shifting Antarctic deglaciation to earlier times would, in gen-
eral, decrease the postglacial rebound J, since the mantle has a
greater time in which to reestablish gravitationa equilibrium.
The effect wouldbe especialy severe in the case of the skew-
symmetric ./, because it depends on the difference between the
northern and southern hemisphere deglaciations [Yoder et al.,
1983; Ivins et al., 1993; Miwovica and FPeltier, 1993]. This
would reduce the J; values (relative to the HI.M case) in a
manner similar in nature, if not in magnitude, to that described
above for Wahr et al. s [ 19931 J, values. Consequently, w ¢
might expect that the 1CE-4G model [Peltier, 1994], which
features an earlier, smaler Antarctic deglaciation, would pro-
duce J; values that would have to be compensated with smaller
amounts of total sca level rise and smaller amounts of Antarctic
ablation.

A main issue, and perhaps the most important result emerg-
ing from our study, centers around the size and sign of the
lumped odd chain of harmonics. For example, alarge negative
value for J,[Cazenave et al., | 996] pushes the preferred solu-
tions toward a globa scenario having larger net Antarctic melt
contribution to sca level rise at the expense of Greenland icc
sheet ablation. Variation in even-/ harmonics (as reported in
various analyses of satellite laser ranging data) affects the in-
terpretation of Antarctic and Greenland sca level sourcing in a
less sensitive manner, The sensitivity to the odd-/ chain is
more dram atically exhibited in the preferred solutions when
constraints on thcm arc dropped entirely. in this case the
dcpendence on Antarctic contribution to sca level nearly disap-
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pears, and only mantle viscosity and the total sca level rise are
imporlant in determining preferred parameter combinations,
Estimates of Jyandof the entire skew-symmetric (odd)
chain couldimprove substantially with a more rigorous under-
standing of the nongravitational forces that affect high-orbit
laser ranging satellites. For example, an impressive correlation
between residuals in the orbital eccentricity element of
LAGEOS 1 and the Farth’s radiation (albcdo) signature has
been discovered recently by Martin and Rubincam [1996]. Wc
conjecture that this indicates that a more robust, secularly vary-
ing pear shaped harmonic (/ = 3) solution could soon bc gen-
erated in anayses of satellite laser ranging data, ‘I'his is needed
if satellite-deri ved sccular zonal harmonics arc to contribute
significantly to determining present day polar icc mass balance.
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Figure Captions

Figure 1. Map of Antarctic surface elevation and
drainage systems. Contour interval is 0.5 km. Boun-
darics of major drainage systems (ice divides) arc
marked with capital letters at the coast; interior ice
divide intersections arc marked with lower case letlers
[afler Giovinetto and Bentley, 1989].

Figure 2. Plan view and cross section of ice sheet

grounded below sca level [after Thomas and Bentley,
| 978].

Figure 3. Map of surface mass imbalance rates (in 100
kg/m? per year). The inland icc systems for which a net
imbalance determination could bc made arc delincated
with heavy lines and arc numbered according to Table 1.
I'rimed and double-primed letters indicate subdivisions of
the major drainage basins, Circles mean no significant
imbalance, pluses mean significant positive net imbal-
ance. Figure is afler Bentley and Giovinetto (1991].

Figure 4. Same as Figure 3, but for combined inland
and icc shelf systems for which a net imbalance determi-
nation could bc made. Thesc regions arc identified with
bracketed numbers according to ‘I’able 2. Also shown
for each region is the basal ice shelf melt rate (meters
per year) required for steady state. Cirlces mean no
significant imbalance, plus and minus mean significant
positive and negative net imbalance, respectively. Figure
isafter Bentley and Giovinetto [1991].

Figure 5, Same as Figure 3, but for systems without net
mass imbalance determinations. These systems, del-
incated with thick lines, arc located along the coast. Fig-
urc is after Bentley and Giovinetto [1991].

Figure 6. Four scenarios of present day Antarctic ice
sheet mass change, three derived from Bentley and
Giovinetto [ 1991), (8) scenario 1, (b) scenario 2 by mass,
(c) scenario 2 by area, and onc from Jacobs et al.
[ 1992], (d) J92 scenario. Imbalance is represented in
millimeters per year of icc thickness change.

Figure 7. The (a) TO [after Trupin, 1993] and (b) NE
Greenland scenarios. Icc height change is shown in Fig-
ure 7a in millimeters per year and in figure 7b in meters

per year.
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Figure 8, The observed polar motion direction and mag-
nitude and the directions and magnitudes resulting from
the present day scenarios of ice mass change in a (top)
southern and (bottom) northern hemisphere perspective.
Ohs is observed [ Vondrak et al., 1995]; 1, scenario 1; 2a,
scenario 2. by area; 2m, scenario 2 by mass;, J92, J92
scenario; 1C, mountain glaciers and small icc caps; 10,
10 scenario; and Gr, NI: Greenland scenario. The polar
motion magnitude for the 10 scenario (dotted line) is not
shown to scale (sec Table 4; the arrow should be 30°/0
larger). The observed polar wander is directed toward
| Tudson Bay. Apparently, postglacial rebound is capable
of cxplaining most of this signature [see Pelticr and
Jiang,1 996].

Figure 9. (8) A tutorial example of large, positive, odd-
degree zonal changes arising from Greenland ablating
and Antarctica accumulating ice mass. (b) The weight-
ing functions - P, (cos0) for degrees 2 through 8 required
to derive zonal harmonic cocfficients J; from a given
surface load o(0,1) (equation (5)). Positive values of the
weighting functions arc shaded. Numbers on the peri-
phery indicate the corresponding spherical harmonic
degree.

Figure 10. TheJ, predictions for the four Antarctic
scenarios developed in this study (circles) for degrees 2
through 7. On the abscissas arc £, the Antarctic contri-
bution to sca level change, and on the ordinates arc the
J, predict ions.  Also shown above each frame arc the
parameters of the best fitting straight line drawn through
the 4 circles (J2dot =2 ctc., and sldot=¢&), drawn as a
solid line. Also shown arc the J;, values obtained by
Trupin 1903 for his steady-state (crosses, long-dashed
ling), thinning interior (triangles, dotted line), and thick-
cning interior (pluses, short-dashed line) scenarios.

Figure 11. J; predictions for the Greenland ice sheet for
Trupin’s [ 1903 outer Benson line (OB) (triangles, short-
dashed line) and inner Benson line (IB) (pluses, long-
dashed line) scenarios as a function of Greenland contri-
bution to sea level change & for degrees 2 through 7.
The solid line is the sea level/Jdependence obtained by
scaling the NI Greenland scenario J, prediction by the
Greenland contribution to sea level change. The linear
dependences for the three scenarios arc given in each
frame. The Greenland sea level/J dependence used in
the following global composite analysis is given above
each frame and is the average of the sea level/.J, slopes
found for Zrupin’s [ 1993] two scenarios, “
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Figure 12. Postglacial rebound J, predictions. Degrees
2 through 5 arc given and the 1CE-3G [Tushingham and
Peltier, 1991 | ice load history is assumed. The homo-
gencous lower mantle (1.M) case (solid lines) refers to
Mitrovica and Peltier’s [1993] calculations, in which the
whole lower mantle viscosity is varied. The 650-km
boundary layer (650BL) case (dashed lines) refers to
Ivins et al’s 993 calculations, in which the lower
mantle viscosity is varied, except for a 650-km-thick
boundary layer at the core-mantle boundary (2235.5 to
2885.5 km depth). The boundary layer has a fixed high
viscosity of 6 x 10”Pa s. The horizontal lines in the
degree 2 frame show the observed J, and associated
uncertaint y, as reported by Nerem and Klosko [1996].

Figure 13. Contoured normalized standard deviation o
(sce text for definition) for global composite scenarios
assuming the HI.M glacia rebound J, values (Figure 12,
solid line) and other source parameters as described in
the text under bascline assumptions. The contours indi-
cate the level of agreement (smaller values equal better
agreement) between predicted and observed J, values as
lower mantle viscosity and the Antarctic contribution to
sea level change are varied for total sca level than.ge rate
£ ranging from O to 2.5 mm/yr. Global composite
scenarios A through D, as described in Tables 6 and 7,
arc marked accordingly. Subordinate tick marks on the
horizontal axis arc located at factors of 2 and S times the
labeled values. Contours arc drawn at standard deviation
values of 1, 2, 3,5, 10, 20, 30...

Figure 14, Same as rigure 13, except the 650-km boun-
dary layer (650111.) postglacial rebound case is assumed
(Figure 12, dashed line). The abscissas refer to the
lower mantle viscosity above the boundary layer. Scc
Tables 6 and 7 for the details of global composite
scenarios 1 through J.
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Figure15. A summary of the minimum standard devia-
tion as different source assumptions and observed J,
values arc varicd. (left) Paths (arrows) taken by the
minimum standard deviation as total scalevel is varied,
with the differing symbols indicating assumed total sca
level rise and the differing line types indicating different
assumptions or observed J; values. The paths arc drawn
relative to lower mantle viscosity (horizontal axis) and
Antarctic contribution to sca level (vertical axis), similar
to Figures 13 and 14. (right) Actual corresponding stan-
dard deviation values. The standard curves (solid linc)
in Figures 15a&-1 5f come from Figure 13 (Nerem and
Klosko [1996] J, obscrvations and the HI.M postglacial
rebound calculations). (a) J; observations changed to
Cazenave et al’s [1996] and Chengetal’s (1989)
values (scc ‘1 able 8), and (b) their standard deviations.
(c) The thermal expansion effect on sca level riseis dou-
bled and the mountain glacier and small icc caps contri-
bution to sca level rise and J; doubled, and (d) their
standard deviations. (C) Antarctic sca level/J paramcter-
ization changed to7rupin’s [1993] steady-state model
(sce lol~g-dashed lines of. Figure 10) and Fang et al.’s
[ 1996] cst imate of the /2 contribution from pressure
effects at the core-mantle boundary (CMB) is included,
and (f) their standard deviations.

Figure16. Same as Figure 13, but wjth no constraint
from J3. Eanes and Bettadpur’s 00 Y2 and J, values
arc used (Table 8).
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Table 1. Net Mass Imbalancem and Equivalentlee Height Change 0 for Inland Ice

Systems

[Bentiey and Giovinetto, 1991 | This Study
System M Significant Arca n

Gt/yr imbalance? (10 km?)

1. Jutulstraumen® N no 150 36
2. Lastet n Queen Maud I and 0 no 450 0
3. Eastern Enderby land 3 no 100 33
4. L.ambert Glacier (Allison/Melnt yre)t 3917 yes/no 800 53/10
5, Western Wilkes Land (Combined) 4 no 850 5
6. Yast Antarctica onlo ROSS lce Shelf 26 ycs 1800 16
7. West Antarctica onto R0SS |ce Shelf -8 no 600 -14
8. Thwaites Glacier 5 no 250 22
9. Pine island Glacier 50 yes 2s0 218
10. Rutford Ice Stream -6 no 50 -130
Totals 118.5 5300

.See Figure 3 for numbered regions,
1{Allison, 1979; Allison et al., 1985; Mclntyre, 1985a, b)




Table 2. Net Mass Imbalance M and implied Steady State Basal
Melt Rate for Combined Inland lce and lee Shelf System

Bentley and Giovinetio [ 1991 ]

M Basal Melt
System (Gt/yr)y  Rate (m/y1)  Reasonable?
11. Amerylce Shelf” 83/51 1.5/0.9 no
(Allison/MclIntyre)t
12. George VI Ice Shelf 48 21 yes
13. Western Ronne Ice  Shelf 44 0.37 ycs
14. Eastern Ronne [ce Shelf 79 0.28 no
15. Filchner Ice Shelf 47 0.35 yes
16. Brunt & Riiser-larsen -37 0.16 no
Ice Shelves

* Sce Figure 4 for numbcred regions.
1[Allison, 1979; Allisonetal., 1985; Mcintyre,1985a, b]




Table 3.lcc Shelf Melting Rates From Jacobs el al.
[ 1992] (J92) and Amount of Mass Removed From
Scenario 2 by Areato Obtain the J92 Scenario

Ice Shelf
System

Filchner-Ronne

Ross

George VI

Amery

Within 100 km
of Ice Fronts

Total

Net Mclt Rate

From J92
Gigatons Percent
per Year of Total

202 38
79 15
49 9
23 4

173 33

526

Mass Removal to
Obtain J92 Scenario

Gigatons Percent
pet Year of Total

2172 47
68 15
43 10
36 8
91” 20

450

® }icre59Citlyl are from Enderby Land and32 Gt/yr are from
other narrow  shelves



‘1'able 4. Rates of Scal.evel Rise &, Ice Sheet Mass Change M,and Secular Polar Motion .

Ice Sheet Scenat io

“OMountain vountait

I === (laciers
Global Rale  Scenario 1 Scenario 2 Scenario 2 J92 Trupin This and Small NE
Quantity by Area by Mass Scenario [1993] study Ice Caps® Greenland  Observed
&, mm/yt -0.11 0.8 -1.10 0.44 0 0 0,38 0.91 151
M, Gyt 39 290 400 -160 0 0 -138 -331
Im 1, mas’yr 0.48 031 0.56 113 423 4.46 0.36 2.43 3.3
Yot 206 79 120 128 259 258 152 330 282
Ysh 26 2.%9 300 308 79 78 332 150 102

JO92 scenario is based on Jacobs et al. [1992]. The mas are milliseconds of arc.
* Data from Meier [1 984].
1Value is Intergovernmental Panel on Climate Change (I PCC) best estimate [Warrick and Ocrlemans, 1990].

1Va|uc is fiam Vondrak er rd. [1 995]. .
"Direction y Of secular polar motion m given in °E of Grecnwich in a northern (ynyy) and southern (ygy;) hemisphere perspective.




I'able S. secular Zonal Gravitational Cocflicient J; Rates

Ice Sheet Scenario

TQ Mountain
Glaciers
Scenario  Scenario 2 Scenario 2 J92 Trupin ~ This  and Small NE
Degreel ) by Area by Mass Scenario [1993] Study Ice Caps Greenland

2 -4.6 -316 -41.4 17.8 9. 9.6 8.7 36.4
3 5.2 32,6 40.2 -19.1 -20.8 -20.8 4.0 358
4 54 -30.1 2335 18.7 34.2 34,1 0.7 35.6
5 S6 274 26.7 -18.5 -47.4 -47.2 0.2 28.2
6 -5,2 -205 -14.6 16.2 58.6 58,3 -1,0 25.0
7 54 157 6.2 -15.1 -66.8  -66.1 -1.0 17.0
8 4.4 93 3.5 13,3 70.9 69,9 0,4 11.2

Rates arc in 10712 yr' L.




Table 6. Global Composite Scenario Definitions

Sea Level Change,mm/yr 1 .ower Standard
Composite - Mantle Deviation
Scenario* Total Antarctic  Greenland Viscosity (Pas)
A 1.0 0.3 -0.08 2 x10?! 1,48
B 1.5 0.7 0,02 5 x 107! 1.69
C 15 0.4 0.32 5x 1072 0,86
D 20 0.8 0.42 2x 1022 0.92
K 1.0 0.2 0.02 5 % 107 0.66
¥ 15 05 0,22 5x 1070 0.58
G 1.5 0,6 0.12 1x10% 118
H 2.0 0.9 0.32 1 x 102! 1.70
! 20 1.0 0,22 5x 102! 0.73
J 25 13 0.42 2x 107! 0.19

*Scenarios A-D are homogeneous lower mantle (1 11.M) scenarios (Figure 13)
and Scenarios L-J are 650-km boundary layer (650B1.) scenarios (Figure 14).

I-Value refer to viscosity of the whole lower mantle for LM scenarios and
1o viscosity of lower mantle above the high-viscosity boundary laycrfor'the
650RI. scenarios.




‘1'able 7. J, Predictions and Residuals for Global Composite Scenarios

J, Values, by Degree, in 1012 jyr+
Observed JZ .-27.7 125 observed J3, =157 135S Observed J4: 2.0+ 146

Scenario A G PGR Res A G PGR Res A G PGR Res

A(148) 11.8 -30 -408 -45 -21.0 41 383 152 11,5 25 -337 260
R (1.69) 273 0.8 611 -33  -46.9 1,0 61.0  -3.6 25.4 0.6 -59.8  3s5.1
C (0.86) 15.7 12,0 -61.1 -29  -276 16,3 252 -24 15.0 10.0 -32,6 9.0
D{092) 312 157 -84.2 1.0 -533 214 38.5 5.0 289 130 -489 8.4
I (0.06) 7.9 0.8 454 03 -147 1.0 240 12 8.0 06 -232 159
F(0.58) 19,6 82 643 00 -340 112 310 33 18.5 68 -188 51
(i (1.18) 234 45 648 0s  -405 61 504 45 21.9 37 -47.3 23.0
H @70 350 120 -90.1 67 -59.8 163 594  -45 323 99  -420 11
1(0.73) 38.9 8.2 -834 01  -66.1 112 66.2 0.3 35.8 6.8 596 183
J(0.19) 50s 157 1021 -05 -855 214 763 -0.7 46,2 130  -60.1 2.2

Values in parentheses arc standard deviations.

* A is Antarctica; G, Greenland; PGR, postglacial rebound; Res, Observed - El’rcdic(cd (predicted includes
mountain glaciers and small ice caps, sec Table 5); observed values arc from Nerent and Klosko [1996]
(J31. = J3+ 0.837J5). Scenarios A-D are HI M scenar ios (Figure 13); scenarios -] are 650BI scenarios
(Figure 14).




Table 8. J, Satellite Solutions

) . . . Standard

Reference Jy Jay J3 Jy Deviation

Nerenm and Klosko -21.7 15.7 2 6.9
[1996]) 125 435 1 14,6

Cazenave et al. -30 -17 -8 114
[1996] 43 41 115

Chenget al. -25 1 3 4.8
[1989] 13 43 16

Fanes and Bettadpur <256 -9 53
[1996] +34 113

Values in | 012 yr'].
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